INTRODUCTION
The ability to see and recognise objects is arguably the most important function of vision in everyday life. Underlying this function are, first, the process of detecting objects by segregating their retinal images from the retinal images of their immediate surroundings and, second, the process of discriminating the shapes of the object's retinal images.
It is well known that an object can be segregated from its immediate surroundings if its retinal image differs sufficiently from the retinal image of its surroundings in texture [reviewed in Bergen (1991) ], and that the twodimensional shape of texture-defined form can be discriminated (Bergen & Julesz, 1983; Nothdurft, 1985a Nothdurft, , 1991 .
Rather than addressing the grand problem of discriminating the shapes of arbitrary two-dimensional texturedefined forms contained within a frontoparallel plane, we restricted ourselves in the present study to a very simple case. The most elementary kind of two-dimensional shape is one that can be completely specified by the ratio of two distances along fixed perpendicular meridians in a fronto-parallel plane (e.g. a rectangle or an ellipse). For example, any rectangle can be completely specified by its aspect ratio (a/b) where a is its height and b its width, just as any ellipse can be specified by the ratio of its major to its minor axes. Two rectangles (or two ellipses) would be said to differ in shape if their aspect ratios measured along fixed perpendicular axes could not be equated by a relative rotation within the frontoparallel plane.11
Aspect ratio discrimination thresholds for tvvo-dimensional form have been reported for rectangles rendered visible by a difference in luminance alone, a difference in motion alone and a difference in binocular disparity alone (Regan & Hamstra, 1991 , 1992 , 1994 ). Here we report aspect ratio discrimination thresholds for rectangles defined exclusively by a difference in orientation texture. Technical details of texture pattern generation were as follows. The 65,536 x 65,536 screen locations were divided into a 128 x 128 square array of square cells. Of this square array, only a circular area of diameter 128 cells was visible. Each cell had a side length (c in Fig. 1 ) of 0.29 deg, and contained 512 x 512 locations. A line defined by two or more dots could be drawn inside each cell. In the present experiment we used two dots. The centre of each line was displaced from the centre of its cell by distance dv vertically and dHhorizontally (Fig. 1) . The magnitude of dv had an equal probability of falling at any value between zero and 0.3 of the cell's side length, and the displacement was randomly selected to be upwards or downwards. The magnitude of dH similarly had an equal probability of falling at any value between zero and 0.3 of the cell's side length, and the displacement was randomly selected to be leftwards or rightwards. The magnitude and direction of the vertical and horizontal jitter displacements were determined by different random functions.
GENERALMETHODS
The texture pattern contained a rectangular area whose visibility was created by a difference in the orientations of the short lines inside and outside the rectangle. The boundaries of the rectangle never cut through one of the cells; the boundary always ran along the boundaries between cells. For each value of the rectangle's aspect ratio and area there were two possible textures. For texture 1, all the lines within the rectangle had orientation f3deg clockwise of vertical and all the lines outside the rectangle had orientation 6'deg anticlockwise of vertical. For texture 2, all the lines within the rectangle had orientation Odeg anticlockwise of vertical and all the lines outside the rectangle had orientation Odeg clockwise of vertical. The magnitude of 6 could be varied from zero to 90 deg. When the magnitude of 8 was <45 deg, orientation contrast (/3) was equal to 26. When the magnitude of O was >45 deg, P was equal to 2(90-6). Figure 2 (A) illustrates an orientation texture-defined (OTD) rectangle of aspect ratio 0.9 with 28 =90 deg, giving maximum visibility.
Observers
Three observers carried out all four experiments. Observer 1 (author LVH) was female and aged 22 years. Observer 2 was a female and aged 28 years. Observer 3 was male aged 23 years. Observer 3 was paid an hourly wage. All three observers had binocular visual acuity of 6/6 or better. Observer 1 had no previous experience in psychophysics. Author DR carried out preliminary measurements.
EXPERIMENT1

Methods
Purpose. The purpose of Experiment 1 was to measure the effect of orientation contrast on aspect ratio discrimina tion for a rectangle defined by orientation texture.
Rationale. With the aim of checking that our observers based their responses on a two-dimensional comparison of the one-dimensional height (a) and width (b) of the rectangle rather than on a orb alone, we varied the area of the rectangle at the same time as its shape. This variation of area had a second beneficial effect as we describe next.
Suppose that the rectangle had the same area in all presentations-for example the 184.5 deg2 mean area that we used. For a 1.00 aspect ratio, this area corresponded to a square of 46 x 46 cells. The smallest possible increment in aspect ratio would be a difference of 2.2 deg (i.e. 1/46), the second smallest increment would be 4.4?Z0, and so on. If aspect ratio threshold were, say, 2.8Yo-asit was for subject l-this coarse stepping of aspect ratio would allow only a few data points that were less than 100Yo correct to be placed on a psychometric function. However, by appropriately varying the area of the rectangle we were able to ensure that most of our 64 test stimuli had aspect ratios that gave response probabilities near 805Z0 correct. *
Procedure
The experimenter typed in 64 combinations of aspect ratio and rectangle area (some of those could be duplicates). In any given run the computer presented all 64 combinations with texture type 1 and then again with texture type 2, all in random order. In Fig. 3 (B) and (C), these 128 stimuli were repeated four times to give a total of 512 presentations per data point. In Fig. 3 (A), 1024 responses were collected per data point. The display screen was blank except during a trial. Each trial consisted of a single presentation of duration 0.283 sec (i.e. 10 frame pairs). A run lasted 15-20 min. The mean area of the rectangle was 184.5 deg2 (equivalent to a square of side length 13.6 deg). The rectangle's area varied by between t 13Y0and t 2090 about the mean on a trial-to-trial basis.
Observers were provided with two buttons and instructed to press button No. 1 or button No. 2 depending on whether the rectangle was elongated horizontally or vertically. To prevent an observer's becoming disheart-*As mentioned already, the technique described here requires the boundary of any OTD form to run along the boundaries of the discrete cells. Consequently, as just described, aspect ratio can only be varied in discrete steps when area is held constant. To some extent-adequately enough for our present purpose-we were able to circumvent this problem by varying aspect ratio and area together. This trick was of no value in a previous study where we wished to measure orientation discrimination threshold for an OTD bar (Regan, 1995) . Suppose, for example, the length of the OTD bar is 57 cells. The minimum departure from verticality is a horizontal step of one cell partway along the bar. This is a crude approximation to an inclined straight bar. Five steps along the length of the bar would give a more tolerable approximation to an inclined straight bar, but in this case the minimum departure from vertical would be 5.0 deg, and this turns out to be approximately ten times larger than orientation discrimination threshold for an OTD bar when line orientation contrast is at the maximum value of 90 deg. Using our present equipment we verified that even a singlecell displacement produced IOOYO correct orientation discrimination. Therefore, in the previous study, we used quite a different display in which the edges of the OTD bar passed through cells rather than running along the edges of the cells. We used a different D/A card and different software to those used in the present experiments. Texture lines whose centres fell inside the bar had one orientation, and lines wbose centres fell outside the bar had a second orientation. Orientation discrimination threshold for an OTD bar was 0.57 deg for both subjects tested. TFor the three percentages of trial-to-trial variations in rectangles area ened, the extreme values of aspect ratio were selected to give 100?ZO and O% presses of button No. 2. In the interests of efficiency, all other values of aspect ratio were selected to concentrate response probabilities near 80% correct (Levitt, 1971) . Analysis of data. First, the observer's button presses were subjected to stepwise multiple regression analysis. The following four characteristics of the OTD rectangle were entered: aspect ratio~; height; width; area. Then the button presses were re-analysed as follows. For any given value of line orientation (0), the percentage of button No. 1 presses were plotted as ordinate vs the aspect ratio (a/b) of the OTD rectangle. Aspect ratio discrimination 
Results
Data points in Fig. 3(A) -(C) plot aspect ratio discrimination threshold for an OTD rectangle (as ordinate on a log axis) vs orientation contrast (fl) and line orientation (0) on a linear axis. At zero orientation contrast, the short lines inside and outside the rectangle were either all vertical (at O= Odeg) or all horizontal (at /3= 90 deg), and the rectangle was not visible. Vertical arrows indicate the orientation contrast at detection threshold for the rectangle (see Experiment 3 below). The maximum orientation contrast (90 deg) was when 6 =45 deg. Figure 3(A)-(C) shows that aspect ratio discrimination threshold was high when orientation contrast was just above detection threshold for the rectangle, fell progressively as orientation contrast was increased, and reached a minimum at or near the maximum orientation contrast (/3) of 90 deg. The curve was approximately symmetrical about 90 deg. The lowest value of aspect ratio discrimination threshold for the OTD rectangle in Fig. 3 was 2.8% (SE= 0.2%) for observer 1 [ Fig. 3(A) ], 2.5Y0(SE = 0.2%) for observer 2 [ Fig. 3(B) ] and 5.3% (SE = 0.4%) for observer 3 [ Fig.  3(C) ]. The three curves in Fig. 3 (A~C) could be closely superimposed by moving them relatively along the ordinate.
The results of stepwise regression analysis are set out in Table 1 . A two-dimensional variable [either a/b or (a -b)] accounted for most of the total variance in every case. The next most significant variable accounted for zero or very little more of the total variance. Except for the smallest values of orientation contrast tested, the most significant variable accounted for a large fraction (>0.8) of the total variance. The lower values of R2 at the lowest values of orientation contrast coupled with the larger percentage errors in Fig. 3(A) -(C) can probably be understood in terms of the observers' reports that they did not detect the rectangle on some trials when orientation contrast was low.
A two-dimensional variable [either aspect ratio a/b or (a-b)]
accounted for most of the total variance in every case (column 4). The next most significant variable is listed in column 5, and column 6 lists the total amount of variance accounted for when both the most significant and the next most significant variables were taken into account. In column 5, NA (not applicable) means that variables other than the most significant variable accounted for zero additional variance. The variables entered were the rectangle's aspect ratio (a/b), and its height (a), width (b) and area (ax b). Note that, for the reason described in footnote 3 this analysis does not distinguish between a/b and (a -b). OTD means orientation-texture-defined and LD means luminance-defined.
threshold was estimated by Probit analysis (Finney, 1971) , with threshold defined as follows:
where (a/b)75and (a/b)25were, respectively, the aspect ratios of the rectangle for 7590 and 25% presses of button No. 1.
EXPERIMENT2
Methods
Purpose. The purpose of Experiment 2 was to compare aspect ratio discrimination threshold for an OTD rectangle of maximum orientation contrast and for a luminance-defined (LD) rectangle of maximum luminance contrast.
Apparatus and procedure. The apparatus and procedure were the same as in Experiment 1 except that all the texture lines outside the rectangle were switched off when measuring aspect ratio discrimination threshold for the LD rectangle [ Fig. 2(B) ]. Observers alternated runs with an OTD rectangle and a, LD rectangle until the ten runs had been completed for each.
Analysis of data.As was the case in Experiment 1, each individual run was analysed by stepwise multiple regression analysis, and aspect ratio discrimination threshold was estimated by Probit analysis. The mean of the ten thresholds for the OTD rectangle, and the mean accounted for most of the total variance for each of the 12 measurements of aspect ratio discrimination threshold for the texture-dctined rectangle and for each of the 12 measurements for the luminance-defined rectangle. The highest and lowest vahres of R2 are given in column 3. The next most significant variable is given in column 4, and column 5 lists the total amount of variance accounted for when both the most significant and the next most significant variables were taken into account. Other details as for Table 1. of the ten thresholds for the LD rectangle were then calculated, and the two means compared by using a twotailed t-test. Table 2 gives the results of multiple regression analysis for the runs for which aspect ratio accounted for the highest and the lowest fraction of the total variance in Experiment 2. For observer 1, the mean aspect ratio threshold was 2.8% (SE = 0.1%) for the OTD rectangle, and 1.1Yo (SE = 0.1%) for the LD rectangle. The corresponding data for observer 2 were 2.7% (SE = 0.1%) and 1.7% (SE= 0.1%), and for observer 3, 5.1% (SE = 0.3%) and 2.2% (SE = 0.1%). The two thresholds were significantly different for observer 1 (t= 12.5, P <0.001, d.f. = 18), observer 2 (t= 9.0, P <0.001, df = 18) and also for observer 3 (t= 9.8, P <0.001, d.f. = 18).
Results
EXPERIMENT3
Methods
Purpose. The purpose of Experiment 3 was to measure rectangle detection threshold for the OTD rectangle used in Experiment 1.
Apparatus andprocedure. The apparatus was the same as in Experiment 1. The procedure differed in that the rectangle's area remained constant (at 184.5 deg2), the rectangle's aspect ratio was a constant 1.0, and a trial consisted of a pair of presentations rather than a single presentation. Any given trial comprised a test presentation and a reference presentation. The reference presentation did not contain an OTD rectangle. Each presentation had a duration of 0.283 see, and the two presentations were separated by an interval of 0.5 sec during which the texture pattern was switched off. During the test presentation an OTD rectangle was presented. As noted in the General Methods, for any given value of line orientation (0) there were two textures, for which line orientations within the rectangle were +6 and -0, respectively. These two textures were paired up with two reference textures. In one reference texture all the lines had orientation +0 and in the other reference all the lines had orientation -6. Thus, for any given value of 6 there were four possible combinations of test and reference presentations. The order of the test and reference presentations was random. For any given value of 6, these eight combinations were presented in random order until a total of 80 responses were accumulated. This procedure was repeated for five values of 0. Observers were instructed to press button No. 1 or button No. 2 depending on whether the rectangle was presented first or second (two alternatives forced choice, method of constant stimuli). From a psychometric function based on 400 responses, Probit analysis was used to estimate the rectangle detection threshold.
Results
Rectangle detection thresholds for small @and large f), respectively, were as follows. 
EXPERIMENT4
Methods
Purpose. The purpose of Experiment 4 was to measure width and height discrimination thresholds for the OTD rectangle used in Experiment 1.
Apparatus andprocedure. The apparatus was the same as in Experiment 1. The procedure differed as follows. A standard one-interval procedure was used (MacMillan & Creelman, 1991, pp. 5-30) . In the first part of Experiment 4 the rectangle could have one of two possible widths. The observer's task was to signal whether the wider or narrower rectangle had been presented. To remove aspect ratio as a reliable cue to width, eight different values of height were randomly interleaved. The range of heights was approximately four times the difference between the two widths. The second part of Experiment 4 was the same as the first except that width replaced height and vice versa. Estimates of d' were based on the number of hits and false alarms (Macmillan & Creelman, 1991) .
Results
For observer 1, width discrimination threshold (ThW) was 1.1 (SE = 0.05)% and height discrimination threshold (ThH) was 1.45 (SE = 0.1)96. Corresponding data for observer 2 were 1.3 (SE= 0.1)% and 1.05 (SE = 0.05)%, and for observer 33.05 (SE= 0.25)% and 1.6 (SE = 0.1)%.
DISCUSSION
Our first priority was to ensure that observers followed their instructions to base their discriminations entirely on trial-to-trial variations in the relation between the rectangle's height (a) and width (b), and to ignore simultaneous variations in the rectangle's one-dimensional height and width. The results of subjecting the observers' responses to stepwise multiple regression analysis show clearly that all three observers did indeed follow their instructions (Table 1) . Figure 3 (A)-(C) shows that, as orientation contrast ()!f) is progressively increased from just above detection threshold for the rectangle (vertical arrow), aspect ratio discrimination threshold falls until it reaches its lowest value at or near the highest possible values of orientation contrast (i.e. /l = 90 deg). Although aspect ratio discrimination threshold for an OTD rectangle is a U-shaped function of line orientation 0, just as was orientation discrimination threshold for an OTD bar (Regan, 1995) , the U is less flattened than for orientation discrimination. Since one of our three observers (No. 2) was observer 2 in the previous report, this difference seems unlikely to be due to inter-individual variations. The sharpness of the Ushaped curves in Fig. 3(A) -(C) contrasts also with Nothdurft (1985b) finding that the detection of OTD form is improved negligibly when orientation contrast (P) is increased from 30 to 90 deg.
The lowest value of aspect ratio discrimination threshold for an OTD rectangle was 2.8% (SE = 0.1%), 2.7% (SE = 0.1%) and 5.1% (SE= 0.3'%) for our three observers are significantly higher than corresponding aspect ratio discrimination threshold for a LD rectangle with identical spatial sampling 1.1% (SE = O.1%), 1.7% (SE = 0.1%) and 2.2% (SE= 0.1%). However, bearing in mind that different observers were used, these values are comparable with the lowest values for motion-defined (MD) rectangles (2 and 3% for two observers), and the lowest values for rectangles defined by binocular disparity (DD rectangles) [3.1% (SE= 0.3%), 3.4% (SE = 0.3%), 4.0% (SE= 0.5%) and 7.4% (SE= 1%) for four subjects], even though the MD and DD rectangles were much smaller (0.47 and 1.0 deg2, respectively) than the 184.5 deg2 OTD rectangle used in the present study, so that their edges fell within the macular area while the edges of the OTD rectangle fell on *Mrdtiple sclerosis is associated with patchy demyelination of central nervous system axons, one effect of which is to disrupt the connectivity between different regions of brain cortex and between brain cortex and subcortical nuclei. We suggested that multiple sclerosis might disrupt the processing of texture-defined form by demyelinating the long range horizontal fibres that connect orientation-selective neurons in adjacent columns in striate cortex (Regan & Simpson, 1995) . The two hypotheses referred to are discussed elsewhere in detail (Regan & Price, 1986; Regan, 1991) .
peripheral retina at eccentricities of 7-10 deg (Regan & Hamstra, 1991 , 1994 . If we suppose that aspect ratio is obtained, first by independently encoding the height and width of the rectangle, and then encoding the ratio a/b we would expect that, provided no information is lost in combining a and b, aspect ratio discrimination threshold would equal [(Th~)2 + (ThW)2]1f2, where ThW is the discrimination threshold for width and ThH is the discrimination threshold for height. The predicted values of aspect ratio discrimination threshold were 1.82 (SE = 0.1)%, 1.67 (SE = 0.15)% and 4.6 (SE= 0.3)% for observers 1,2 and 3 respectively. We conclude that, although a significant amount of information is lost when combining information about the rectangle's height and width, the information loss is small.
One possible explanation that aspect-ratio discrimination threshold for two-dimensional form do not greatly differ for OTD, MD, DD and LD rectangles is that the same neural mechanism determines aspect ratio discrimination for spatial form independently of which kind of contrast is responsible for the visibility of the form. An alternative hypothesis is that aspect ratio discrimination for these four kinds of form is determined by four different neural mechanisms, and that the similarity between the thresholds is a result of early visual development driven by the infants persistent attempts to achieve eye-limb coordination and to impose order on the brain's visual input. Since an object is an object independently of how it is detected by the eye, the precision of aspect ratio discrimination required of the organism would be the same for OTD, MD, DD and LD form. Consistent with this hypothesis, the finding that some patients with multiple sclerosis* whose visual acuity is within the normal range show a selective loss of ability to read orientation texture-defined (OTD) letters while retaining normal ability to read MD letters and lowcontrast LD letters has been taken as evidence that the processing of texture-defined form is mediated by a different neural mechanism than the mechanisms that mediate the processing of MD form and luminancedefined form (Regan & Simpson, 1995) .T
